Introduction
Diagnostics of chemical-technological processes in industrial conditions is one of the most important tasks. This is especially important in automated chemical-technological systems that are complex in their organization. The complexity of the structure and organization of such systems affects the reliability indicators. And if the units of such systems are connected with each other sequentially, it is important to ensure the quality of the intermediate product -leaving the previous unit and coming to the next one. In conditions when chemical reactions occurring in such aggregates have complex mechanisms, it is important to manage these processes, even without having an exact mathematical description. In such cases, it is important to have decision support systems that include elements of diagnostics of chemical-technological processes. These elements must include some classifying rules that allow the current state of the process to be assigned to different classes. For example, these may be the classes «normal mode» or «deviations from the normal mode». By the nature of the product coming from the output of one unit to the input of another, such classes can be «quality product» or «poor quality product». Therefore, the issues of building classifying rules that provide a high degree of quality recognition of the situation or the state of the product are relevant.
The object of research and its technological audit
The object of research is the process of functioning of the chemical-technological system of two series-connected units, designed to produce Fe-C melt. This system was considered in [1] and its principle of operation is as follows. The first unit produces at the outlet a liquid Fe-C melt, which is formed on the basis of the thermal countercurrent flowing in this unit, which is structurally a shaft type furnace. Heat is transferred in the presence of carbon as a result of fuel combustion processes, and there are various zones along the height of a shaft furnace in which oxidation and reduction reactions take place (1)-(4). C+O 2 →CO 2 , ΔG 0 = -396450+0.08T, J,
2C+O 2 →2CO, ΔG 0 = -229030-172.13T, J, 
The quality of the product (Fe-C melt) is determined by the content of sulfur (S) and phosphorus (P) in it. The greater the residual content in the melt of these elements, the lower the product quality.
The process of functioning of the first unit involves the operations of sulfur removal (desulfurization) and phosphorus removal (dephosphorization). To do this, calcium carbonate (CaCO 3 ) is loaded into the furnace, which at a certain height of the shaft furnace begins to decompose by the reaction (5). This is due to the fact that at a certain height of the furnace due to counterflow, when the burning gases release their heat to the countercurrent flow of CaCO 3 , the process of dissociation begins. The composition of gases having a temperature of 1700-1800 °C in the combustion zone consists mainly of a mixture of CO and CO 2 .
The equilibrium constant of the reaction of dissociation of carbonate (5) has the form:
CaO resulting from reaction (5) reacts with iron sulfide (FeS) according to reaction (7), helping to remove CaS in the slag.
FeS+CaO→CaS+FeO.
In parallel, in the melt, the reaction of the interaction of iron sulfide with manganese proceeds according to reaction (8) , as a result of which manganese sulfide passes into the slag from Fe-C melt.
FeS+Mn→MnS+Fe.
In the melt-slag reaction system, the dephosphorization reaction of the form (9), (10) is developed.
The technological diagram with a description of chemical processes for the first unit of the chemical-technological system under consideration is shown in Fig. 1 .
The second unit of the chemical-technological system under consideration has a different type of energy carrier and it does not contact the product with the fuel. Heat comes from the electric arcs that form the Fe-C melt bath. In this case, chemical reactions develop at the melt-slag interface.
The desulfurization process proceeds according to reaction (8) . It must be said that the nature of the chemical reactions that lead to the removal of sulfur melt from Fe-C depends on the lining of the second unit. If it consists predominantly of SiO 2 , then the possibilities for complete desulfurization are limited. If the furnace has a basic lining, then the decrease in the sulfur content is directly proportional to the temperature and holding time of the melt in the furnace. Factors affecting the intensity of these reactions are the increased fluidity of the slag and the content of the following compounds in it: CaO, CaC 2 , CaF 2 [2] .
The desulfurization process proceeds according to reaction (11) , and the distribution of the phosphorus content between the slag and the Fe-C melt is described by equation (12) [3] . 
Chemical analysis shows the complex nature of changes in the phosphorus content in the smelting process. It can be noted that the connection between the decrease in the phosphorus content and the FeO content and the temperature of the Fe-C melt is complex. The most complete dephosphorization degree takes place at a temperature of 1350-1450 °C. The excess temperature of the Fe-C melt above this limit leads to the onset of the reaction of reduction of P from the slag at the interface [2] .
The technological diagram with the description of chemical processes for the second unit of the chemicaltechnological system under consideration is shown in Fig. 2 . Table 1 shows the results of chemical analysis of sulfur (S) and phosphorus (P) content in Fe-C melt at the output from both units of the system [1] . The results are shown in normalized form, the valuation is carried out according to the well-known formula:
where х in -the normalized value of the i-th input variable (i = 1 for S, i = 2 for P); х i -natural values of input variables (i = 1 for S, i = 2 for P); x i -mathematical expectations of input variables; I i -intervals of variation of input variables. In [1] , on the basis of these data, a classification rule of the form (14) is constructed, which yielded good recognition results. Thus, it is noted that the accuracy of the correct classification is determined by the number of correctly classified objects, and in this case it is: Р(А) = 0.914, Р(В) = 0.971. 
However, it is noted that there is a reserve for improving accuracy by choosing the optimal range of values for input variables. Under the optimal meant such a choice in which the dispersion matrices of classes A and B will be equal to each other.
The aim and objectives of research
The aim of research is in clarification of the classifying rule, allowing to identify the unit of chemical-technological system, the process in which did not allow to ensure the specified completeness of desulfurization and dephosphorization. This would make it possible to make sure that the purposeful choice of the range of values of the input variables is material for the accuracy of the classifying rule.
To achieve the aim, the following objectives are set. 1. To select a planning area for building classifying rules. 2. To assess the impact of localization of the selected planning areas on the coefficients of the discriminant function and the magnitude of the threshold values in the classifying rules.
Research of existing solutions of the problem
In [4] , a recurrent procedure for parametric classification is proposed, involving the following steps:
-splitting the sample of experimental data into two classes; -determination of the parameters of the discriminant function; -obtaining the vector of initial values in the description of the parameters of the discriminant function;
. . -additional training using the stochastic approximation algorithm by applying to the vector of the obtained initial values of a recurrent expression of a certain type. Such a recurrent procedure ends as soon as the separating function begins to provide the specified classification accuracy, assessed by the probability of correct recognition.
The authors of [4] conclude that the rate of convergence is high, regardless of the laws of the distribution of signs in the diagnostic sample, and high accuracy. However, the effect on recognition indicators obtained on the type of the distribution law of experimental data is not clarified. It is necessary to recognize that on this issue in [4] there is a remark that such a recurrent procedure has advantages over the method of statistical solutions in the accuracy of recognition of objects described by distribution laws in classes other than normal.
The use of parametric classification methods based on Bayesian statistics has been the subject of a number of papers in which classification problems have been solved for specific industrial applications. Thus, the work [5] is devoted to the study of the possibilities of evaluating the properties of materials by constructing classifying rules. And in [6, 7] , the possibility of using discriminant functions to diagnose product quality is investigated. However, the performance of the classifying rules constructed in these works is not demonstrated by the calculations of the accuracy of recognition.
Unlike the results of the aforementioned works, the authors of [8] investigate precisely the efficiency of the pattern recognition system. The authors of this paper apply the principle of estimation, based on the use of pre-prepared database of images for classes and input images. The decision rule is based on the Dice similarity criterion, which is used to classify the input images represented by the two-dimensional video image spectrum [9] .
It is noted that the use of a large number of feature vectors in the recognition of input images can lead to deterioration in the quality of recognition.
Modern approaches to the problems of improving the accuracy of classification give priority to the use of neural networks, with the main attention of researchers focused on the quality of neural network training. Thus, in [10] , the results of applying one of the classical algorithms for developing a decision support subsystem in the neural network pattern recognition system are described. The method proposed by the authors for supporting the adoption of classification decisions provides for the sequential execution of the stages of self-organization of the Kohonen computational neurons, the graduation of the elements of the output vector of the training set, and their final labeling. The authors demonstrate an increase in the accuracy of expert assessments; however, the conditions for the application of the described method have not been proposed. Comparing the results of research [10] and [11] , it can be noted that the existing basic «classical» learning models have a number of drawbacks. This conclusion is also justified in [10] , in particular, they note the impossibility of doing without one of the learning models when creating universal pattern recognition systems.
In the works cited above, no study of the issue of constructing efficient recognition systems is found in conditions where the components of the image vectors can't be measured with a sufficient degree of accuracy. This disadvantage is compensated by a number of other works in which the tasks of building efficient recognition systems based on clustering are solved, taking into account the fuzziness of the input data. Thus, in [12] , it was shown that the use of methods of self-organizing maps (SOM) and the principal component analysis (PCA) for the prediction problem is a more powerful practical tool for the automated identification of characteristic models. However, it should be noted that these models dealt with objects of a specific nature -seismic spectra.
The paper [13] describes an approach based on a point estimate for conditions of fuzzy pattern recognition. In it, the space is considered to consist of two fuzzy sets («Truthful» and «Deceiver»), and performing a sequential matching procedure eliminates ambiguity. The authors note that the proposed method is highly stable, but does not speak of the limitations of the proposed method.
In [14] , an approach to data processing for classification based on the use of computational intelligence methods is proposed. The proposed adaptive algorithm for fuzzy clustering using the objective function and constraints of the selected type allows to form a fuzzy partitioning matrix in which objects are divided into clusters (diagnoses). In this case, the shape of the clusters can vary from hypersphere to hyperellipsoid, depending on the shape of the source data. As a feature of this proposed approach, the authors note insensitivity to the ratio of the number of objects to the number of indicators characterizing these objects, as well as to the law of data distribution. However, it is not clarified in the work whether there are requirements on the area of placing the source data in the feature space.
The task of increasing the accuracy of statistical classification based on experiment planning is solved in [15] . It is shown on the example of a test sample that for the localization of vectors-images in the space of factorattributes, it is possible to use plans for a full factorial experiment. In this case, one of the known limitations of the method of statistical classification is removed -the requirement of equality of covariance matrices. Despite the fact that conclusions are made in relation to twodimensional space, the obtained results can be useful for solving practical problems. These tasks include the task of statistical classification of objects describing the operation of chemical-technological systems. A special feature in this case is the need to identify the part of the process where a deviation from the normal mode of operation occurs. It is possible to talk about, for example, two aggregates of a chemical-technological system, connected in series.
Methods of research
Parametric methods of pattern recognition, implemented on the results obtained in [1, 15] , are chosen as the main research method. The classification rules have a general form (15) , and the discriminant function -(16). The idea of localizing the class partition area is as follows:
1. In accordance with (15), (16), a separating surface is constructed on the basis of the statistical classification procedure. For two-dimensional space, it is straight.
2. For each class, a convex polyhedron is constructed, the sides of which are the extreme points of the data distribution area -the values of the factor-attributes. Points from which the distance to the center of gravity of the clusters for each class significantly exceeds the average for the corresponding cluster are not taken into account. The assumption is introduced that these points can be qualified as abnormal.
3. Inside a convex polyhedron for class A, circles of r i radius are distinguished. The r i value is chosen arbitrarily in order to inscribe several circles in the selected convex polyhedron covering different regions in the coordinates of feature factors. If assume that objects with similar values of sets of factor signs belong to the same class, which is the main position for classification, then within these circles can distinguish subsets according to certain rules. Such a rule may be, for example, the choice of points in accordance with the plans of a full factorial experiment. In this case, it is possible to speak about the orthogonality of the area of localization of the factor-attributes and the most accurate estimates. Thus, in each of the circles of r i radius, it is possible to inscribe the plan of the full factorial experiment N = 2 k .
4. The plan of the full factorial experiment N = 2 k fits into each of the circles of r i radius. The vertices of the plan form a set of values of the factors-attributes of each class.
5. Procedure 2 is repeated for class B, and in such a way that the distances from the center of the j-th plan for class B to the dividing straight line are equal to the distances from the center of the j-th plan for class A. At the same time, the radii of circles inscribed in a convex polyhedron for the class B are equal to the radii of the circles inscribed in a convex polyhedron for class A: r r Performing these procedures ensures the equality of the covariance matrices of both classes. Fig. 3 shows a demonstration of procedures 2, 3 and the results obtained for the source data given in Table 1 . Fig. 4 shows a demonstration of procedures 4, 5 and the results obtained for the source data given in Table 1 .
Research results
For the task under consideration, 3 plans were selected, shown in Fig. 3, 4 , on the basis of which the values of the coefficients of discriminant functions and its threshold values are calculated for each of those plans.
For plan No. 1 (the plan is inscribed in the upper circle in Fig. 3, 4 ): 
The density curves of the probability distribution of the values of the discriminant function for both classes and the threshold value for plan No. 1 are shown in Fig. 5 .
Values of the discriminant function in Fig. 5 calculated on the left side of equation (17).
For plan No. 2 (the plan is inscribed in the middle circle in Fig. 3, 4 ): 
The density curves of the probability distribution of the values of the discriminant function for both classes and the threshold value for plan No. 2 are shown in Fig. 6 .
Values of the discriminant function in Fig. 6 are calculated on the left side of equation (18). 
The density curves of the probability distribution of the discriminant function values for both classes and the threshold value for plan No. 3 are shown in Fig. 7 .
Values of the discriminant function in Fig. 7 are calculated on the left side of equation (19). Classifying rules of the form (17)-(19) are given in the normalized form.
From the above results, it follows that the position of the plan when choosing points for calculating the discriminant function and constructing classifying rules is important. This is manifested in the fact that the dividing line when changing the position of the plan leads to its inclination relative to the common dividing line, built on the basis of a complete data sample using the standard parametric classification procedure. This conclusion does not contradict the conclusion obtained in [15] and suggests that this way it is possible to improve the classification accuracy.
However, comparing the results obtained with the results given in [1] for the same sample of data, it can be seen that the differences in the position of the dividing line are insignificant (Fig. 8) . This is probably due to the fact that the initial data area was well divided in the space of factor-attributes. Therefore, from the standpoint of improving the accuracy of classification, the results obtained may not be as significant in assessing the accuracy of classification for the entire sample as expected. However, it can be assumed that in the case of poorly separable samples, the proposed procedure will give more meaningful results, since the classification accuracy for the samples corresponding to each plan is equal to one. This is a more important result, since it will allow separating linearly non-separable samples in the space of factor-attributes based on the use of the standard statistical parametric classification procedure. Curve of the density of probability of distribution of the value of discriminant function for class А Curve of the density of probability of distribution of the value of discriminant function for class В Threshold value of discriminant function Curve of the density of probability of distribution of the value of discriminant function for class А Curve of the density of probability of distribution of the value of discriminant function for class В Threshold value of discriminant function ISSN 2226-3780
In this case, the curve separating the classes will have the form of a polyline composed of straight lines with inflection points corresponding to the boundaries of the plans inside the convex polyhedra containing the experimental points. Fig. 8 shows the arrangement of the dividing straight lines for plans No. 1-3 with respect to the common dividing straight line, constructed from the general complete sample of the data given in Table 1 . It is important to note here that the position of these three straight lines, corresponding to plans No. 1-3, Fig. 8 are indicated in general, without reference to the location of plans inside convex polyhedra.
Demonstration of the general picture of the location of the dividing lines with regard to the location of the plans is shown in Fig. 9 .
It is important to say that only three plans were considered to demonstrate the principle of constructing a dividing polyline based on the use of the standard parametric classification procedure.
Therefore, the direction of development of this research can be the identification of patterns and the construction of a mathematical model linking the location of plans with the accuracy of classification and the form of the separating curve. Such a model can be constructed, for example, on the basis of applying the plan of a full factorial experiment, choosing as input variables the angle of inclination and the radius-vector of the position of the center of the i-th plane relative to the origin. A point with coordinates (0; 0) in the normalized space of factor-attributes can be selected as the origin of coordinates. Curve of the density of probability of distribution of the value of discriminant function for class А Curve of the density of probability of distribution of the value of discriminant function for class В Threshold value of discriminant function 
SWOT analysis of research results
Strengths. Among the strengths of this research, it is necessary to note the possibility of obtaining a classifying rule based on the standard parametric classification procedure, however, in the case of linearly inseparable samples. The practical side of this result is that the classification rules obtained using such a procedure can provide more accurate diagnostic data. As part of the decision-making systems, this will enable more accurate operator exposure to the chemical process system. This can prevent possible consequences with system element failures. In the considered practical example, an accurate classification will allow to identify the cause of violations during the process. In turn, such violations lead to poor desulfurization and dephosphorization, that is, to a reduction in the quality of the finished product.
Weaknesses. The weaknesses of this research are related to the fact that the results obtained are not significant enough from the point of view of improving the classification. The original data sample was fairly well separable, which is not often. Therefore, for practical conditions it was possible to use the solutions obtained on the basis of the standard procedure.
Opportunities. Opportunities when using the given results in industrial conditions are connected with the use of the received classifying rule in information systems of decision support. Any positive results in this sense can be useful for improving the processes of desulfurization and dephosphorization. And it is possible to talk both for the considered chemical-technological systems, where decisions are made by operators, and for automated systems.
Threats. Obvious risks when using the obtained results are related to the fact that the use of the obtained classification rules as a basis for information management systems should be justified from the point of view of cost comparison. These costs relate to the modernization of equipment or control systems and the acquisition of ready-made solutions for SCADA-systems. Considering that the presented results are of a more demonstrative character -from the point of view of mathematical description -it is premature to consider the question of the full practical use of the rules obtained. First of all, it is necessary to identify general laws that will allow to systematize the decisions obtained concerning the complete system of classifying rules.
Conclusions
1. It is proposed to choose the area of the source data for the construction of classifying rules based on a sequential procedure that includes 5 steps. The first step is building classification rules based on a common data sample by applying a standard parametric classification procedure. The following steps can be viewed as a modification of the method for calculating the coefficients of the discriminant function in the part that concerns the targeted selection of the source data area. This procedure provides the possibility of removing one of the restrictions on the application of the method of parametric classification associated with the requirement of equality of covariance matrices. This is done by selecting the source data area based on the construction of plans for a full factorial experiment. The procedure is demonstrated by the example of selecting the source data area for constructing classifying rules that allow assessing the quality of the processes of desulfurization and dephosphorization of Fe-C melt.
2. It is established that the location of the areas of the initial data for the construction of classifying rules affects the position of the line dividing the classes. Each of these classes corresponds to its unit of the considered chemical-technological system consisting of two units connected in series. A change in the position of the dividing line is manifested in a change in the values of the coefficients of the discriminant function. As a result, for each area of the initial data corresponding to the location of the plan of the full factorial experiment, its own angle of inclination and position of the dividing line is formed. This makes it possible to obtain a broken dividing curve using the standard parametric classification procedure. This conclusion is demonstrated by the example of calculating the coefficients of the discriminant function for constructing a broken dividing curve in the space of the S-P factor-attributes. The resulting classification rules allow to identify the part of the chemical-technological system that causes deviations from the normal mode of operation in terms of the desulfurization and dephosphorization processes of the Fe-C melt.
